Introduction

68
Wheat has been the basic staple food for the major civilizations of Europe, West Asia and North
69
Africa for at least 10,000 years (Nevo et al., 2002) . Today, common wheat (Triticum aestivum L.) 
76
Wheat yellow rust, also known as a stripe rust, is caused by the basidiomycete fungus Puccinia 77 striiformis f. sp. tritici (Pst), an obligate pathogen that threatens wheat production around the globe 78 (Chen, 2005) . Yield losses due to yellow rust have ranged from 10% to 70% in susceptible varieties 79 and a total yield loss (100%) can occur under severe epidemics (Chen, 2005) . Host resistance is 80 considered to be the most economically and environmentally friendly strategy for yellow rust 81 control (Chen, 2005) , but widespread use of initially effective resistance genes can lead to rapid 82 breakdown of resistance, e.g. the appearance of Pst races that overcome widely deployed R-genes, 83 such as Yr2, Yr9, Yr17, and Yr27, has led to destructive pandemics (Wellings, 2011; Hovmøller et 84 al., 2015) . Moreover, the rapid evolution of the pathogen facilitates an expansion of Pst into new 85 regions, and therefore becoming an emerging issue in some countries, such as western Canada 86 (Brar et al., 2018) . Thus, resistant wheat variety breeding is a continuous process to withstand 87 yellow rust epidemics globally, using all possible sources of Pst resistance, in order to widen and 88 diversify the existing R-gene pool (Roelfes et al., 1992) .
89
Wild emmer wheat (WEW), T. turgidum ssp. dicoccoides (Körn. ex Asch. &amp; Graebner) Thell.
90
(BBAA), discovered in 1906 in Rosh Pina, Israel by A. Aaronsohn (Aaronsohn, 1910) , has been 91 recognized as an important source for novel yellow rust resistance (Yr) genes (Fahima et al.,1998; 92 Huang et al., 2016a; Klymiuk et al., 2019a) . WEW is the undomesticated polyploid progenitor for 93 modern cultivated tetraploid durum wheat (BBAA) and hexaploid common wheat (BBAADD) 94 and natural populations still grow in a wide range of ecogeographical conditions distributed across 95 the Near East Fertile Crescent (Özkan et al., 2011) . These natural populations can serve as a model 96 to study the evolutionary processes that shaped the currently observed allelic variation (Yahiaoui 97 5 et al., 2009; Sela et al., 2011; Huang et al., 2016b; Lundström et al., 2017; Klymiuk et al., 2019b) .
98
Several previous studies have reported that WEW accessions exhibit high levels of resistance to 99 inoculation with Pst isolates (Gerechter-Amitai and Stubbs, 1970; Van Silfhout, 1989; Nevo et al., 100 1986). Initially, Yr genes were considered novel if they expressed distinct reaction patterns to a set 101 of Pst isolates. With this definition, Van Silfhout (1989) predicted the presence of at least 11 major
102
Yr genes in WEW populations. Currently, the genetic position of an identified gene compared with 103 these of previously mapped loci is considered to determine novelty (McIntosh et al., 2017) . So far, 104 six WEW-derived Yr genes have been recognized (Yr15, YrH52, Yr35, Yr36, YrTz2, 1B) on chromosome arms 1BS and 6BS (Huang et al., 2016a; Klymiuk et al., 2019a) . Among 106 these, only Yr36 (Fu et al., 2009) and Yr15 (Klymiuk et al., 2018) have been cloned so far.
107
Yr15 was discovered in WEW accession G25 (G25) by Gerechter-Amitai et al. (1989) and was
108
shown to confer resistance against a worldwide collection of more than 3000 genetically diverse
109
Pst isolates (Sharma-Poudyal et al., 2013; Ali et al., 2017; Liu et al., 2017; Chen and Kang, 2017) . (Sun et al., 1997; Peng et al., 2000b; Yaniv et al., 2015) , and its positional cloning 113 revealed that it encodes for a protein with 665 amino acid residues (Klymiuk et al., 2018 (Klymiuk et al., 2018) . Functional (Wtk1) and non-functional (wtk1) WTK1 117 alleles differ by insertions of transposable elements, indels and stop codons (Klymiuk et al., 2018) .
118
Functional markers detected alternate alleles in WEW, T. turgidum ssp. durum, and T. aestivum 119 that were consistent with the phenotypic responses (Klymiuk et al., 2019b) .
120
YrH52 was also identified in WEW and its introgression into adapted cultivars of durum wheat 121 and bread wheat provides effective resistance to Pst (Peng et al., 1999; Klymiuk et al., 2019a) . A 122 primary genetic map of YrH52 on chromosome 1BS was developed by Peng et al. (1999 Peng et al. ( , 2000a 123 using a segregating population from a cross between WEW accession H52 (the donor line of Institute of Evolution, University of Haifa) collected in Mt. Hermon (N33°17'19" E35°45'18"), the 139 donor of YrH52 (Fig. 1) , and a susceptible durum wheat (female) cv. Langdon (Peng et al., 1999) .
140
A homozygous resistant BC 3 F 2 Ariel-YrH52 introgression line (LDN/H52//3*Ariel) was used to 141 develop EMS yrH52 mutants.
142
YrG303. An F 2 population (1,917 plants) was developed for fine mapping of YrG303 by crossing 143 resistant WEW (male) accession G303 (TD116176 from ICGB, Institute of Evolution, University 144 of Haifa) collected in Dishon, Israel (N33°05'09" E35°31'03"; Fahima et al., 1998) , the donor of
145
YrG303 gene (Fig. 1) 
167
Seeds were germinated in rolled wet paper, kept in dark cold room (4˚C) for three days, and then 168 transferred to growth room (20˚C) with 14/10 hours light/dark regime for 24h before sowing in 169 soil. Only seeds that showed good germination and root development were transferred to the field.
170
Plants were inoculated at flag leave stage (adult inoculation) using a sprayer with fresh Pst isolate 
Histopathological characterization of Pst-wheat interactions within leaf tissues
177
Fluorescent visualization of P. striiformis structures during infection was conducted according to 178 the protocol described by Dawson et al. (2015) , with slight modifications. This protocol used i.e., chitin) conjugated with a fluorescent dye to visualize the intercellular fungal growth and 181 pustule formation on infected leaves. Leaf segments (10 cm long, 2nd leaf) were sampled at 14 182 dpi from WEW accessions G25, G303 and H52 inoculated with urediniospores of Pst isolate #5006 183 as described above.
8
The sampled leaf segments were placed in 15 ml centrifuge tubes containing 15 ml of 1 M KOH 185 and 2-3 drops of the surfactant alkylaryl polyether alcohol (Spreader DX) for clearing the tissue.
186
Tubes were kept at 37°C for 24 h, followed by three washes of samples with 50 mM Tris (pH 7.5) 187 for neutralization of pH. After the last wash, the leaves were gently transferred to a 9 cm plastic 188 petri dishes, excess of Tris solution was removed and 1 ml of 20 µg/ml WGA conjugated to 
Development of CAPS and KASP markers
200
Detailed protocols for the development and use of cleaved amplified polymorphic sequences 201 (CAPS) markers for the screening of mapping populations are described in Raats et al. (2014) .
202
Sequences of the newly developed CAPS marker uhw290 is presented in Table S1 . 203 For development of new KASP markers, the G303, D447, H52, and Langdon parental lines of the
204
YrG303 and YrH52 mapping populations were genotyped using the 15K wheat SNP array. Table S2 .
9
Detailed descriptions of the development, sequences and conditions for amplification of KASP
213
Yr15 functional molecular markers are provided in Klymiuk et al. (2019b) . Names, primer 214 sequences, and references of other previously published markers are presented in Table S1 . recombinants were analyzed with markers and homozygous RILs were selected. The F 3 RILs were 224 then screened with molecular markers that resided within the defined YrG303 or YrH52 interval.
225
Phenotyping of F 3-4 RILs for response to Pst inoculation was performed as described above. High-226 resolution genetic maps were constructed using the graphical genotypes approach (Young and 227 Tanksley, 1989). Genetic distances obtained for the low-resolution maps, were used as a reference 228 to estimate the relative genetic distances within the high-resolution maps.
229
Collinearity between genetic and physical maps 230 The best hits of BLASTN search of the corresponding primer sequences for each genetic marker 231 against the three genome assemblies of wheat, T. dicoccoides Zavitan (Avni et al., 2017) KinII domains was performed with ClustalW software (Thompson et al., 1994) . Secondary 264 structures of kinase-like and pseudokinase-like domains were obtained using web server 265 "PredictProtein" (Rost et al., 2004) . Key conserved residues, ATP binding site, catalytic loop and 266 activation loop were defined as previously described (Klymiuk et al., 2018) . (Fig. 1) . The HR area corresponds to the 274 size of fungal colonies visualized by fluorescent microscopy with WGA-FITC fluorescent dye 275 (Fig. 1) . In general, the sizes of colonies as well as amount of HR needed to stop fungal 276 development in YrH52 were much smaller than these of Yr15 in WEW backgrounds (Fig. 1) .
277
YrG303 in the WEW donor background in most cases (7 out of 10 tested plants) displayed (Fig. 1) . Furthermore, fluorescence microscopy 282 revealed development of a massive net of fungal hyphae and some uredinia bags with spores in 283 WEW G303 plants inoculated with Pst (Fig. 1) . However, it should be noted that some G303 plants 284 showed IT1, IT3 and IT4 (1 out of 10 tested plants for each mentioned ITs).
285
The tetraploid YrG303 F 2 mapping population showed the expected phenotypic segregation for a (Fig. S1) .
293
The fine mapping of YrG303 demonstrated that 3 out of the 124 homozygous recombinant lines 294 were susceptible at the seedling stage even though they were expected to be resistant based on 295 their genotype. (Fig. S1) . We repeated seedling inoculation experiments in multiple generations 296 (F 3 -F 5 ) with similar results. However, artificial field inoculation with the same Pst isolate at the 297 adult stage resulted in resistance response of these lines (Fig. 2) . Furthermore, G303 plants provided full resistance at seedling stage to Pst inoculation with IT1 (Fig. 3) .
302
Fine mapping of YrH52 and YrG303
303
YrH52. Previously, YrH52 was mapped using low-resolution mapping as proximal to Yr15 (Peng 304 et al., 2000a,b) . A high-resolution genetic map of the YrH52 genetic region was constructed using 305 an F 2 mapping population. In total, 3,549 F 2 plants of the YrH52 mapping population were 306 screened for recombinants using the YrH52 flanking markers, of which 3,211 F 2 plants were 307 screened using wmc406 and gwm413 markers (218 recombination events were detected) and 338
308
F 2 plants were screened with barc8 and gwm273 markers (12 recombination events were detected).
309
In total, 194 homozygous F 3-4 RILs were developed and used for high-resolution mapping based 310 on the graphical genotypes approach (Fig. 4) . The genetic region between barc8 and gwm273 311 markers was saturated with ten CAPS and eight KASP markers (Fig. S2) . Fine mapping of YrH52 312 revealed that its genetic position co-segregated with three dominant (uhw292, uhw300, and 313 uhw301) and three co-dominant markers (uhw297, uhw296, and uhw259) and overlaps with the 314 location of the Yr15 locus (Klymiuk et al., 2018) . Sequencing of the full-length genomic WTK1 315 from WEW H52 revealed that it is identical to Wtk1 from WEW G25.
316
YrG303. We conducted preliminary experiments and localized YrG303 distal to marker gwm413, 317 suggesting that YrG303 is different from Yr15, which was mapped proximal to gwm413 (Yaniv et 318 al., 2015) . In order to localize YrG303 more precisely relative to Yr15, we performed fine mapping (Fig. 4) . These screenings identified heterozygous F 2 recombinant lines within the region spanning YrG303. From them, a total of 124 homozygous F 3-4 recombinants were developed and used for 325 graphical genotyping of YrG303. These recombinants were genotyped with 23 PCR markers (SSR, 326 CAPS, KASP, and dominant gene-specific markers) that showed polymorphisms between the 327 parental lines (G303 and D447) ( Fig. 4; Fig. S1 ) and phenotyped by Pst inoculation. Three (Fig. 4) that they all carried independent mutations in the coding region of WTK1 sequence (Fig. 3, Table   344 S3). For YrH52, we screened 724 M 1 -derived families generated from the hexaploid introgression 345 line Ariel-YrH52 and identified six mutants that all contained independent mutations in WTK1 346 (Fig. 3, Table S3 ). analyzed for the positions of specific mutations within Wtk1 (Fig. 5) (Fig. 5) . Three amino acids (G 54 , A 149 and A 460 ) were disrupted in different wheat genetic 365 backgrounds and all inhibited WTK1-mediated immunity to yellow rust, confirming that these 366 residues are critical for WTK1 responses. (Fig. 5) . G 54 is located in KinI's ATP binding region 367 and may directly affect WTK1's kinase activity (Fig. 5) 
376
Many studies have been performed to discover novel Pst R-genes. However, the deployment of 377 novel R-genes from WEW into common wheat is a long process due to ploidy differences, negative 378 linkage drag, etc. For R-genes that map to similar chromosome regions, it is important to determine 379 if they are in fact different genes or alleles of the same genes because this will impact strategies 380 for their effective deployment. Yr15 (G25) IT3 and YrG303 (G303) IT5, all proved to have corresponding differences at the level 393 of development of pathogenic fungal colonies (Fig. 1) . Fine genetic mapping of the three genes 394 demonstrated that all three map to the same genetic interval on chromosome arm 1BS (Fig. 4, Fig.   395 S1, Fig. S2 ). Moreover, sequencing of WTK1 from the susceptible yrG303 and yrH52 EMS 396 mutants showed that all of them contain loss-of-function mutations in Wtk1 (Fig. 3, Fig. 5 , Table   397 S3). Thus, other genes reported to be located on 1BS chromosome, especially these originating 398 from WEW, such as YrSM139-1B (Zhang et al., 2016) and YrTz2 (Wang et al., 2018) , should be 399 tested for allelism/identity to Wtk1.
400
The sequences of Wtk1 from G25, G303 and H52 have been published previously (Fig. 4) , and that mutations in Wtk1 lead to susceptibility in both
405
YrG303 and YrH52 introgression lines (Fig. 3, Fig. 5 , Table S3 ). Furthermore, YrG303 and YrH52 406 both possess a Wtk1 functional allele that is identical to the Yr15 sequence of Wtk1. We 407 hypothesize that such high sequence conservation represents a specific character of TKP proteins 408 as compared with the high level of variability observed for the known nucleotide-binding domain 409 and leucine-rich repeat (NLR) proteins (MacQueen et al., 2019) . Clusterization, rapid evolution 410 and the presence of multiple alleles is a known character of many NLRs (Bhullar et al., 2009; 411 Marchal et al., 2018; Adachi et al., 2019) . TKPs also tend to cluster together, probably reflecting 412 the evolutionary mechanisms by which they evolved via duplication or fusion of two kinase 413 domains (Klymiuk et al., 2018) . For example, WTK1 has three tandem copies on each 414 chromosomes 6A and 6B (Klymiuk et al., 2019b) . However, in contrast to NLRs, we did not detect 415 diverse Wtk1 alleles, and differences in phenotypic responses are likely associated to differences 416 in the genetic backgrounds as discussed below.
16
The spectrum of Wtk1 phenotypic responses 418 Three components, host, pathogen and environment, serve as a base for the concept of disease 419 triangle and determine the degree of severity of the disease (Agrios, 2005) . According to the gene-420 for-gene model, host-pathogen interactions result in co-evolution of virulence genes (e.g. pathogen 421 effectors) and resistance genes (e.g. host receptors) (Flor, 1971) . However, even in case of 422 compatible interaction between host and pathogen, disease may not occur or symptoms will be 423 limited due to unfavorable environmental conditions for pathogen development (Agrios, 2005) .
424
Plant immunity system is multifaceted and comprises recognition (via receptors) and response (a YrG303 from WEW G303 to T. aestivum 2298 improved the resistance phenotype from IT5 to IT1 442 (Fig. 1, Fig. 3 ). This could be possible due to variable regulation of Wtk1 expression, perhaps which was explained by differences in genes modifying LR34res activity (Risk et al., 2012) .
450
Moreover, diverse phenotypic responses are typical not only for wheat-rusts interactions, but also 451 for other pathosystems. In particular, transfer of R-genes/quantitative resistance loci for resistance 452 to rice blast resulted in variation in resistance reaction of improved lines to inoculation with
453
Magnaporthe oryzae (Hasan et al., 2016) . A more likely explanation of unexpected phenotypic 454 results is that effectiveness of R-genes is altered following introgression into a new background 455 (Adachi et al., 2019) . According to current understanding of plant immunity system, some 456 response networks may be shared between different receptors, while others are very specific.
457
Faulty connections between nodes in the NLR network may arise after a cross between distinct 458 plant genotypes that can result in NLR mis-regulation and autoimmunity of progeny, although in 459 parental lines the immune system worked well (Adachi et al., 2019) .
460
Although Wtk1 provides resistance at both, seedling and adult stages, YrG303 exhibited a 461 resistance response in three independent tetraploid recombinant lines only at the adult stage under 462 field inoculation (Fig. 2) . Taking into account that controlled conditions in dew chamber used for 
Positions of loss-of-function mutations in WTK1
478
Both the kinase and pseudokinase domains of WTK1 are necessary to provide resistance to Pst 479 (Klymiuk et al., 2018) . Plant pseudokinases are important players in diverse biological processes 480 and represent ~10% of the kinase domains in higher eukaryotes (Castells and Casacuberta, 2007; 481 Reiterer et al., 2014; Niu et al., 2016) . Emerging evidence indicates that pseudokinases themselves 482 act as signaling molecules and modulate the activity of catalytically active kinase partners (Müller 483 et al., 2008; Reiterer et al., 2014) . Consistent with this hypothesis and the previous study (Klymiuk 484 et al., 2018) , EMS mutations blocking resistance were mapped to both pseudokinase and kinase 485 domains of WTK1 (Fig. 5 ). In the current study, we identified informative EMS mutations in 486 conserved kinase motifs such as the ATP binding region, the catalytic loop and the activation loop 487 (Kornev and Taylor, 2010) . Nevertheless, these mutations did not affect previously defined key 488 conserved residues involved in kinase activity (Kannan et al., 2007; Klymiuk et al., 2018 Table S1 . A list of SSR, CAPS and KASP markers used in the current study. Table S2 . A list of KASP markers from the Yr15 region developed based on SNPs from the wheat 520 15K SNP array. Table S3 . Molecular characterization of the yr15, yrG303 and yrH52 EMS mutants. 
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